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Abstract: The need for sustainable desalination arises from fast-occurring global warming and
intensifying droughts due to increasing temperatures, particularly in the Middle East and North
African (MENA) regions. Lack of water resources has meant that the countries in these regions
have had to desalinate seawater through different sustainable technologies for food supplies
and agricultural products. Greenhouses (GH) are used to protect crops from harsh climates,
creating a controlled environment requiring less water. In order to have a sustainable resilient
GH, a zero-liquid-discharge system (ZLD) was developed by using solar still (SS) desalination
techniques, humidification-dehumidification (HDH), and rainwater harvesting. An experiment was
designed and carried out by designing and manufacturing a wick type solar still, together with an
HDH system, implemented into a GH. Using a pyrometer, the solar intensity was recorded, while the
microclimate conditions (temperature and relative humidity) of the GH were also monitored. The GH
model was tested in the UK and was shown to be a successful standalone model, providing its water
requirements. In the UK, for one solar still with a surface area of 0.72 m2, maximum amount of
58 mL of distilled water was achieved per day. In Egypt, a maximum amount of 1090 mL water was
collected per day, from each solar still. This difference is mainly due to the differences in the solar
radiation intensity and duration in addition to the temperature variance. While dehumidification
generated 7 L of distilled water, rainwater harvesting was added as another solution to the greenhouse
in the UK, harvested a maximum of 7 L per day from one side (half the area of the greenhouse
roof). This helped to compensate for the less distilled water from the solar stills. The results for the
developed greenhouses showed how GHs in countries with different weather conditions could be
standalone systems for their agricultural water requirement.
Keywords: desalination; solar still; humidification-dehumidification; zero liquid discharge;
sustainability; agriculture GH
1. Introduction
Global warming is a contemporary issue that plays an important role in the water cycle
system. It causes several climate changes, which lead to food and water insecurity. Since open field
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agriculture requires a large amount of water and controlling its conditions is implausible, agricultural
greenhouses are commonly used in the production of fruit and vegetables. Covered in glass or plastic,
these greenhouses (GHs) can create a controlled microclimate environment ideal for plant growth.
GHs are also used to protect vegetation from climatic factors such as high wind speeds, intense solar
radiation, high or low temperature and humidity levels [1,2]. These parameters can be controlled by
opening/closing vents [3] or increasing/decreasing the humidity levels of the GH cavity [4–6] to maintain
optimal ranges of temperature and humidity for the plants’ growth [7,8]. In order to have sustainable
horticulture, energy and water demands should be planned in advance. Depending on the location
and weather conditions, the temperature within the GHs should increase/decrease, using heating or
cooling technologies, natural or forced ventilation, which may require electricity to provide energy
for such systems [9,10]. In terms of water resilience, desalination, humidification-dehumidification,
and rainwater harvesting are among the solutions to provide a sustainable zero-liquid-discharge (ZLD)
system [11]. Incorporating such a system within a GH could lead to zero liquid discharge enabling
farmers to continuously supply water to their crops without adding supplementary water to the system.
The ZLD system would, therefore, be a system to collect and recycle water with minimum depletion of
water. ZLD was mainly used in wastewater management [12,13], hitherto, ZLD systems had not been
implemented in a GH.
Water desalination is commonly used in large scale processes to desalinate seawater for several
industries and agriculture [14]. These desalination plants are usually large facilities and can produce
up to 330,000 m3 of desalinated water a day using the popular, reverse osmosis procedure which
consists of forcing saline water through a membrane (acting as a filter), using hydraulic pressure
pumps [15]. Making distilled water has always been an expensive way to produce potable water and
is an unpopular method of producing drinking water due to the high electrical power used by the
reverse osmosis process to power the pumps [16]. Reverse osmosis requires high levels of energy to
power these pumps for large water output and may not be suitable for small scale agricultural sites [17].
Therefore more sustainable solutions have been suggested using the available energy resources for
cleaner production [9,10].
Solar stills (SS) are known found to be the cheapest method to produce drinking water using
solar energy [17]. This system relies on evaporation to separate minerals from the water and as the
water vapor rises, it will cool down, condense and trickle into a collector. The process can produce a
significant volume of distilled water. In the previous studies, the main aim of solar stills has been to
produce drinking water for communities with limited water resources and it has been shown that it can
be used as a way to purify contaminated water sources through distillation. However, its application
in agriculture has not been fully investigated. Solar stills trap the radiated solar energy for evaporation.
This heating causes water to evaporate into an overlying membrane. As the water vapor comes into
contact with the cooler surface, it condenses and trickles down to a collecting pipe as desalinated
water. This process is also a popular purifying technique that was adopted several decades ago to
separate minerals and pathogens from water [18,19]. SS panels make use of gravity for water droplets
to flow downwards after condensation. Previous studies have shown that the optimum angle from
the horizontal is between 35◦ and 45◦ [20–24]. It has been shown that the difference in tilt angles for
different SSs is related to the latitude where the panel is located, and the type of distiller used [20,23].
Mashaly et al. [24] presented a design with a fixed angle of 29◦ to the horizontal. Although there are
similarities in the angle used, high freshwater production requires a change in angle with different
seasons by lowering the angles in the summer time for maximum solar penetration and maximum
yield [18].
In the design of SS, the choice of the material used to absorb and maintain high thermal energy
within the solar still panel is important. Previous studies have shown that aluminum is suitable due to
its high thermal conductivity to retain heat [25,26], while also being light and easy to manufacture.
Kabeel et al. [26] tested the evaporation rate of water with both aluminum and galvanized iron and
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concluded that aluminum was more effective at storing and conducting heat. It is also an ideal material
with hydrophilic properties to help water spread evenly over the absorbing fabric [27].
A glass cover is commonly used for solar irradiance penetration into the solar still and was shown
through testing to be effective [25]. Poblete et al. [22] studied the efficiency of different components of a
solar distiller and concluded that the cover material is least significant for high water production of the
solar still. While glass cover has been suggested as a more durable material, plastic can also be used
for shorter periods of time [25]. In some studies, a polycarbonate cover has been implemented, as it is
lighter than glass, is a good insulator, and has high strength and high solar transmittance [22,25,27,28].
Mashaly et al. [27] employed an antifogging coat on to the inside of the solar still polycarbonate cover
to prevent fogging and help water droplets trickle down the cover faster, which would counteract the
hydrophilic properties of such a polymer [29]. Fogging can also be the cause of less solar irradiance
penetration into the still, and hence reduce the efficiency of the system [30,31]. Since the process is
adiabatic, proper insulation of the frame was suggested in previous studies [32–36]. Wooden insulating
shells enclosing a thin layer of plastic or wool are popular in basin type solar stills, as wood has
less thermal conductivity [37–39]. Plastics have also been used for their lightweight and reliable
characteristics to insulate the whole system [33,34]. Styrofoam has also been utilized due to its ease of
implementation and its good quality insulation preventing heat from the bottom of the panel escaping
to the outside [33,34].
Wick type solar stills use an absorbing material which is then heated by solar irradiance to
evaporate the saline water [40,41]. Focusing on the fabric type, and testing on sportswear, it was
found that the evaporation rate does not depend on the material type, but the quantity of water it
absorbs [42]. Solar stills, therefore, require a large amount of water to be held by a thin fabric for
optimum production rate. Among tilted solar still panels, common fabrics used are dark colored wick
and jute [41,43]. However, there is limited research on different types of absorbents.
The use of jute was contradicted due to poor durability, including pore blockage and degradation
of color causing a reduction in the distilled water production efficiency from the decreased radiation
absorption [43]. Therefore, the use of a charcoal cloth type material which consists of a viscose material
coated by chemicals to increase its durability and efficiency was suggested in another study [44].
Viscose has not been used widely in solar stills, however, it is used on a daily basis in sports and work
wear, showing high durability, quick absorbance and evaporation of moisture [45]. The specifications
of viscose satisfy the evaporation rate increase due to a higher quantity of water absorption by the
fabric [42]. Viscose would therefore be an ideal fit for a system requiring a durable material with quick
and high absorbance. The efficiency of the solar still desalination depends highly on the solar intensity
it receives. While some studies showed its inefficiency [46], others obtained 0.95 L/m2 distilled water
per hour [27]. Therefore, to increase the maximum yield, multiple panels could be set up to obtain a
substantial output of distilled water for certain applications such as agriculture.
In order to achieve zero liquid discharge (ZLD), a humification-dehumidification (HDH), can be
added to the system to provide a second sustainable source of water for small size greenhouses.
This technique works automatically by condensating the excess water vapor, mainly from plants’
transpiration, within the GH cavity before it leaves the system through the vent, and if the vapor levels
reach a certain lower amount, it will stop. This is a functional method with low running costs, limited
need for maintenance and requiring a relatively low amount of energy. It can also be used in any
GH [47]. HDH is commonly used to desalinate water by evaporating brine water using a heater and
proceeding to dehumidify the moist air to collect distilled water [47,48]. Previous studies have shown
different values such as 3.6 L per day [49], and 0.55 L per hour [50], mainly during summer. Using SS
and HDH will generate highly concentrated brine water which can be used for salt harvesting [51],
aquaculture [52], especially artemia shrimps which can live in highly salinized water [53]. The produced
brine can, therefore, be an excellent food source for fish and larger crustaceans [52]. A gutter was
also used to harvest the rainwater for watering the plants as another management scenario for water
resources, especially for the UK.
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Standalone horticultural systems have been mainly focused on energy requirements rather than
water needs [54–56]. Although desalination was studied in the literature for the greenhouse water
requirements, they mainly used reverse osmosis [57,58]. In the study by Farrell et al. [59], water was
produced via humidification-dehumidification and reverse osmoses. The advantage of using solar still
for desalination is that it uses renewable energy unlike Reverse Osmosis (RO) that requires a significant
amount of energy to provide the high-pressure difference on the membrane. In addition, solar still
is used to reduce the cooling load of the GH, especially for the Egyptian GH where it uses the extra
solar radiation (beyond the plant needs). However, solar still needs a relatively large area to produce
the same amount of water produced by the RO unit in a small area. Therefore, the novelty of this
study is presenting a combination of sustainable solutions for providing horticultural water demands
from the system’s local advantage, solar desalination for Egypt, and rainwater harvesting for the UK,
while dehumidification could be used for both systems.
2. Materials and Methods
A schematic design for a ZLD system consisting of a solar still, a condenser (dehumidifier), and a
gutter for harvesting rainwater is shown in Figure 1.
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Figure 1. A schematic model of the greenhouse with a zero liquid discharge system.
In this study, a wick type SS with an absorbing fabric and overlying transparent cover held at an
angle between 30 and 45 degrees to the horizontal is used to absorb and trap thermal energy emitted by
the sun (see Figure 2). In the model, water stored within the fabric accumulates heat energy, inducing
evaporation. A water tank feeds saline water to the tilted SS. Water flows into the panel and is absorbed
by a thin viscose fabric until it is saturated. The remaining stream of water flows into a brine water
collection bucket. A small pump transfers this rine back to the saline water tank to s art the process
again. The water absorbed by the fabric is exposed to solar radiation ac i g on the fabric, herefore
increasing its internal thermal energy to reach the latent heat of evaporation (see Figure 3). The water
vapor then accumulates on an overlying membrane, causing condensation.
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panel [32]. A thin layer of dark colored viscose fabric membrane was attached to the bottom of
the frame using screws, to absorb water. The distiller was set up south-west facing as this is the
optimum angle for the surface of the still to allow the maximum exposure to sunlight throughout
the day. A small sheet (600 mm × 200 mm) of polycarbonate was placed on the edge of the gutter
and attached to the aluminum walls using silicon, between the cover and the absorbing fabric as
shown in Figure 2. This meant that condensation happening before the obstruction dropped on to the
polycarbonate catchment, acting as a slide, resulting in droplets flowing down to the collecting gutter,
finally producing a more substantial water outflow.
One SS was used for the developed GH, with one Netta 20 litre portable digital Dehumidifier with
timer, Manchester, UK. This electric dehumidifier requires an energy input of 450 W, and produces
an average water production of 20 L/day (30 ◦C, 80% Rh). The produced water from this system was
collected every 24 h at the same time as the solar still.
In order to test the functionality of the system, microclimate data, including temperature, relative
humidity and incoming solar radiation, were collected from the GH. Temperature and relative
humidity data were collected using the humidity and temperature logger ThermaData HTD, ETI,
West Sussex, UK, every second. Incoming solar radiation from the sun was collected using a pyranometer,
Campbell Scientific, Utah, USA, to record the energy rate of incident irradiance on the unit surface
area. A reading was taken every 105 s.
In parallel, recorded parameters were analyzed for the efficiency and optimum environment for
the distiller (Table 1). A computer ran continuously inside the GH, monitoring temperature, relative
humidity and incoming solar radiation. To achieve this, the computer was connected to several data
loggers, which were synchronized with sensors through the Wifi system. Distilled water was collected
at the same time daily to maximize the accuracy of the reading. The angle of the still (the control
variable in this experiment), was manually changed in 5◦ increments starting from 30◦ to 45◦, as these
are the most optimum angles according to earlier studies [20–23].
Table 1. Units and accuracy for each experimental parameter. Accuracy was derived from
equipment manuals.
Parameters Units Accuracy Type of Variable
DATE (dd/mm/yyyy) - Continuous
TIME time (hh:mm:ss) - Continuous
Temperature ◦C ±0.5 Independent
Relative humidity % ±3 Independent
Solar radiation Wm−2 ±5 Independent
Distilled water production mL ±0.1 Dependent
Tilt angle of solar still (SS) ◦ to horizontal ±0.1 Control
The water cycle through the ZLD system in the experiment is shown in Figure 4. The first step in
this process starts with the saline water being inserted into an elevated jerry can. This is opened to
flow into the SS panel, and the water is either distilled or disposed of as brine water in a collection
tank. Distilled water is directed to a storage container and, is then used to water plants within the
greenhouse. The brine water is recycled using a pump back into the jerry can. After a few cycles,
the saline content of the brine increases. Plants absorb water and, through the process of respiration,
they transpire, causing an increase in humidity. The dehumidifier uses a cooling mechanism to change
the water vapor into liquid. This can, therefore, be used to water the plants. As water is lost through
ventilation, saline water is added to the solar still and the loop continues.
Water 2020, 12, 1440 7 of 20
Water 2020, 12, x FOR PEER REVIEW 7 of 21 
 
 
Figure 4. Water flow through the system including the desalination and zero-liquid-discharge 
(ZLD). 
To ensure sustainable irrigation for the greenhouse plants, the Irrigatia weather responsive 
smart irrigation controller, North Yorkshire, UK, were used. This solar-powered system can detect 
weather and change the watering demands based on the sensed conditions and also the season.  
3. Results 
3.1. Greenhouse in UK 
Experiments were run for 5 days continuously for 3 consecutive weeks with readings taken 
every 24 h for the built greenhouse (see Figure 5). The solar still was tilted at an angle of 40° to the 
horizontal in week 1, 30° in week 2 and 45° in week 3 to compare the output flow of each setting. The 
results showed the water collection of the solar still, the dehumidifier and the combination of both 
apparatuses. The dehumidifier, which is running continuously, is expected to harvest the humidity 
of the greenhouse and convert the vapor into a liquid state. The average solar intensity is an average 
for a full 24-h day, which is plotted at 12:00 as a base mark, but this does not mean that it was at peak 
value at this time. 
  
Figure 4. Water flow through the system including the desalination and zero-liquid-discharge (ZLD).
To ensure sustainable irrigation for the greenhouse plants, the Irrigatia weather responsive smart
irrigation controller, North Yorkshire, UK, were used. This solar-powered system can detect weather
and change the watering demands based on the sensed conditions and also the season.
3. Results
1. Greenhouse in UK
Experiments were run for 5 days continuously for 3 consecutive weeks with readings taken every
24 h for the built greenhouse (see Figure 5). The solar still was tilted at an angle of 40◦ to the horizontal
in week 1, 30◦ in week 2 a d 45◦ in week 3 to c mpare the output flow of each setting. The results
showed t e water collection of the solar still, the dehumidifier and the combination of both apparatuses.
The dehumidifier, which is running continuously, is expected to harvest the humidity of the gree house
and convert the vapor into a liquid state. The average solar intensity is a average for a full 24-h day,
which is plotted at 12:00 as a base mark, but this does not mean that it was at peak alue at this time.
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During week 1, when the solar still was angled at 40◦ to the horizontal, the water production
was in the range of 16–54 mL per day (see Figure 6), with the maximum achieved in a day having the
highest solar intensity of 850 Wm−2 (see Figure 7).
Water 2020, 12, x FOR PEER REVIEW 9 of 21 
 
During week 1, when the solar still was angled at 40° to the horizontal, the water production 
was in the rang  of 16–54 mL per d y (see Figure 6), with the maximum achieved in a day having the 
highest solar intensity of 850 Wm−2 (see Figure 7). 
 
Figure 6. The amount of water collected by the solar still in the first week. 
 
Figure 7. Measured solar intensity in the first week. 
The dehumidifier was much more efficient than the solar still, with a production of 6100 mL and 
a minimum collected value of 1000 mL (see Figure 8). 
 
Figure 8. The amount of water collected by the dehumidifier in the first week. 
Temperature is seen to increase during the day and drop dramatically at night. This shows the 
poor ability of the greenhouse to retain heat during the night. The temperature on the 5th March 2019 
did not exceed 30 °C and relative humidity was as low as 40% during the peak temperature, which 
peaked on the 6th and 7th of the same month at 45 °C and 43 °C respectively (see Figure 9).  
Figure 6. The amount of water collected by the solar still in the first week.
Water 2020, 12, x FOR PEER REVIEW 9 of 21 
 
During week 1, when the solar still was angled at 40° to the horizontal, the water production 
was in the range of 16–54 mL per day (see Figure 6), with the maximum achieved in a day having the 
highest solar intensity of 850 Wm−2 (see Figure 7). 
 
Figure 6. The amount of water collected by the solar still in the first week. 
 
Figure 7. Measured solar intensity in the first week. 
The dehumidifier was much more efficient than the solar still, with a production of 6100 mL and 
a minimum collected value of 1000 mL (see Figure 8). 
 
Figure 8. The amount of water collected by the dehumidifier in the first week. 
Temperature is seen to increase during the day and drop dramatically at night. This shows the 
poor ability of the greenhouse to retain heat during the night. The temperature on the 5th March 2019 
did not exceed 30 °C and relative humidity was as low as 40% during the peak temperature, which 
peaked on the 6th and 7th of the same month at 45 °C and 43 °C respectively (see Figure 9).  
Figure 7. i t sity in the first w ek.
The dehumidifier was much more efficient than the solar stil , ith a r cti f a
minimu collect d value of 100 L (see Figure 8).
Water 2020, 12, x FOR PEER REVIEW 9 of 21 
 
During week 1, when the solar still was angled at 40° to the horizontal, the water production 
was in the range of 16–54 mL per day (see Figure 6), with the maximum achieved in a day having the 
highest solar intensity of 850 Wm−2 (see Figure 7). 
 
Figure 6. The amount of water collected by the solar still in the first week. 
 
Figure 7. Measured solar intensity in the first week. 
The dehumidifier was much more efficient than the solar still, with a production of 6100 mL and 
a minimum collected value of 1000 mL (see Figure 8). 
 
Figure 8. The amount of water collected by the dehumidifier in the first week. 
Temperature is seen to increase during the day and drop dramatically at night. This shows the 
poor ability of the greenhouse to retain heat during the night. The temperature on the 5th March 2019 
did not exceed 30 °C and relative humidity was as low as 40% during the peak temperature, which 
peaked on the 6th and 7th of the same month at 45 °C and 43 °C respectively (see Figure 9).  
Figure 8. The amount of water collected by the dehumidifier in the first week.
Temperature is seen to increase during the day and rop dramatically at night. This shows the
poor ability of the greenhouse to retain heat during the night. The temperature on the 5th March
2019 did not exceed 30 ◦C and relative humidity w s as l w as 40% during the peak temperature,
which peaked on the 6th and 7th of the same month at 45 ◦C an 43 ◦C res ctiv ly (see Figure 9).
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High temperatures caused the relative humidity to reach a minimum point. Accordingly, it dropped
from 70% at night to 25% during the day on the 6th March 2019 and 60% to 23% on the 7th March
2019 in correlation with variations in temperature. Throughout the week, the maximum amount of
water collected using the SS and HDH systems was 6250 mL on the 5th March 2019 and the minimum
amount was 1020 mL on the 7th March 2019 (see Figure 10).
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Figure 10. Total collected water from SS and HDH in the first week.
These results indicate that although the solar intensity was high and the temperature inside the
greenhouse spiked, this meant that the warm air inside the greenhouse was very similar to the air
inside the solar still, hence producing a very small temperature difference between the inside surface
of the polycarbonate sheet and the outside surface. This low-temperature difference will have an effect
on the cond nsation r te and, consequently, the collection rate. The difference in temperatur between
th two sides of the m dium needs to be high en ugh for lat t heat t produce condensation [60].
This means that the internal thermal energy of the still n eds to be igh, a d the ambient temperature
of the greenhouse should be low for the ighest yield.
In we k 2, the solar still was angled at 30◦ to the horizontal, and the solar stil produced a minimum
of 29 L on the 15th March 2019 and a high of 58 mL on the 13th of the same month (see Figure 11).Water 2020, 12, x FOR PEER REVIEW 11 of 21 
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Figure 11. The amount of water collected by solar still in the second week.
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The dehumidifier was shown to have a different dynamic compared to the SS producing a peak
value of 7000 mL of water on the 14th March 2019 and the minimum value on the 12th March 2019
with 3800 mL (see Figure 12).
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i re 12. he a ount of water collected by dehumidifier in the second week.
The te perature see s to be lo er than the preceding eek ith a high on the 13th arch 2019 of
40 ◦C, and only 25 ◦C on the 15th March 2019 (see Figure 13). These can be compared with 32 ◦C on the
12th Marc 2019 and the 38 ◦C peak of the 14t in t e same month. Relative humidity in week 2 was
very inconsistent, howing l s of 20% on the 11th March 2019 and remarkably high 90% humidity in
t e orning of the 15th March 2019. On the 2th March 2019, 20% humidity was recorded as th low
compared t 30% and 35% relative humidity on the 13th and 14th Marc 2019, respectively.
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Figure 13. Measured temperature and relative humidity in the second week.
The average solar intensity was shown to have a peak on the 13th March 2019 at 780 Wm−2,
then declining to 190 Wm−2 on the 15th March 2019; this being the day with the least amount of
sunlight (see Figure 14).Water 2020, 12, x FOR PEER REVIEW 12 of 21 
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Figure 14. The measured solar intensity in th second week.
T ll t collected a maximum of 7 50 mL of freshwater on the 14th March 2019 and
the ini t r output was 3410 mL on the 12th March 2019 (see Figure 15).
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Figure 15. Total c ted water from SS and humidification-dehumidification (HDH) in the
second week.
These results show that the maximum amount of water harvested by the SS was when the
maximum average solar radiation occurred on the 13th March 2019. However, the maximum water
collected by the dehumidifier was collected on an average cloudy day with a solar intensity of only
490 Wm−2. It is important to note that most of th pr duction ccurred during the night time where
humidity lev ls were at 70%. This can be compared to the pr vious day (12th March 2019), when solar
intensity was high during the day, causing low day-time humidity. Nevertheless, night-time humidity
was shown to be 15% lower than the 13th March 2019 and this could be the cause of such a different
value. The jump in humidity from 65% to 90% on the 15th March 2019 was due to precipitation
occurring outside the greenhouse. The precipitation causes the entrapment of humidity within the
greenhouse. It c n, therefore, be deduced at even uring rainy day with extremely low sunlight
when the sol r still does not produce much water, the system is still able to produce a sustainable
amount of useable water with the aid of a dehumidifier, as it is more functional during humid days.
In the third week, the SS was angled at 45◦ to horizontal. The system desalinated a maximum of
40 mL on the 19th March 2019 due to the highest average solar intensity of 850 Wm−2 and the lowest
production (10 mL) was on the 18th March 2019 with 480 Wm−2 solar intensity (see Figure 16).
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Figure 16. The amount of water collected by solar still in the third week.
Thi shows a notable correlation between water production and p ak temperature, as t e 18th
March 2019 shows the lowest production, however, the SS a sorbed the least solar radiation on the
2nd in the same month (see Figure 17).
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he easured solar intensity in the third week.
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Considering the highest temperatures for both of these days (34 ◦C and 25 ◦C, respectively),
it is evident that the low-temperature difference within the greenhouse and solar still disrupts the
condensation process, where the air within the distiller is as warm as the outside air (see Figure 18).
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Figure 18. Measured temperature and relative humidity in the third week.
The dehumidifier was relatively stable in this week, presenting maximum fluctuations between
7013 mL and 5800 mL on the 18th and the 22 d March 2019 respectively. Relative humidity withi the
greenhouse was seen to be stable apart from a slight decline on the 18th at around 23:00 (see Figure 19).
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Figure 19. The amount of ater f t idification proce s in the third week.
The total system collected between 5450 mL and 7020 mL in one day that week with the condenser
and SS (se Figure 20). Ideally, the average relative humidity should be between 60% and 90% [1].
Although the addition of plants wou d require more water, the transpira io rate will be increased,
thereby increasing the inter al relative humidity of the GH.
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Figure 20. The total amount of water collected by SS and HDH in the third week.
Although there is no control on the climate conditions, the results show that by increasing the
solar intensity, the performance of the solar stills improves. On the other and, dehumidifiers worked
ell in a cloud and rainy day or w en the humidity in id th gre n ouse increased, for example
during the nigh time. This demonstrates at the sol r r diation does n t have a d rect impact on the
deh midifi r’s wa er production. How ver, it can ndi ectly influence i since the vents need to open
hen the temperature ri es and this causes some p rtions of transpirated air to l ave th GH b fore
being condensed. Besides desalinating the se water using the solar still and dehumidifying the excess
transpirated ater, the rain ater was also harvested in this study. The amount of harvested rainwater
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showed a maximum value of 20 L per day, for only one roof side of the built greenhouse. This was
added to the system as another source of water.
3.2. Greenhouse in Egypt
Another GH was designed based on a similar concept for water desalination in Egypt (See Figure 21).
In this GH utilizes the extra solar radiation, beyond the plants’ photosynthetic needs, to desalinate
saline water using transparent solar still units placed on the GH roof [61]. Another source for water
production is the plant transpiration which is partially recovered using a condenser which acts as a
dehumidifier at the GH exit.
A mathematical model was developed by Salah et al. [61] based on mass and heat transfer
equations to predict the GH performance based on Clear Sky Day Model [62,63] for solar radiation.
The active area of this GH is (8 m × 20 m), and it is east-west oriented. Nine rows of 20 east-west
oriented solar still units with a slope of 30◦ are placed on this GH; three rows in the vertical risers with
a vertical spacing of 750 mm, and six rows in the inclined riser with a horizontal spacing of 500 mm.
The dimensions of each solar still unit are (0.75 m × 1 m).
The condenser shown in Figure 21 is bypassed by 75% of the cavity air (i.e., only 25% of GH cavity
air passes through the condenser), and 90% of GH cavity air is recirculated via the down-cumer which
is mixed with 10% fresh air before entering the GH cavity again.
The study was conducted in a typical day of spring (21st March), in Borg El-Arab, Egypt.
The used meteorological data for that day are calculated based on the average values over ten years
(2004–2014) [64]. The mathematical model and the input parameters used in the model are explained
in Salah et al. [61].
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Figure 21. Egypt GH structure [61].
The GH cavity temperature varies from 10 ◦C at night to about 28 ◦C at the peak (1:00 pm)
(See Figure 22), and the relative humidity ranges from 65% to 97% which both make the GH suitable for
a wide range of plants. However, the relative humidity at night is relatively high, so more ventilation
is required to reduce it. It is noticeable that the temperature inside the GH in Egypt is slightly less than
the GH in the UK due to the use of a condenser in the Egyptian GH.
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Figure 23. Solar radiation—Egyptian GH—for a typical day of 21st March, Borg El-Arab, Egypt.
While each solar still unit placed in the vertical riser, with dimensions of (0.750 m × 1 m),
produced 667 mL water per day, each solar still unit placed in the inclined riser produced 1090 mL/day.
This production is very large compared to the solar stills in the UK as expected due to the difference in
solar radiation time and intensity in addition to the temperature variance. The production of solar
stills in the vertical riser is about half that of the solar still in the inclined riser because itis directly
exposed to cooled air exiting from the condenser. In order to determine the share of each source in
water production for the GH system, the total production of each source is divided by GH active area.
All solar still units produce about one-third of the total water production in the GH, and the other two
third is produced via the condenser. The total water production is about 3000 mL/m2 (See Figure 24) of
GH area which meets the plant requirements in earlier stages when plant needs from 2 to 8 L/m2·day.
However, the produced water is of zero salinity, so it can be mixed partially blended with saline water
to increase the quantity in order to meet plant needs in the later stages.
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4. Discussion
The agriculture-GH system was tested in the and Egypt, hich has a considerably less solar
intensity, with an average of 200 Wm−2 co are to t e co tries located closer to the equator, for
example, the Mid le East and North African ( E ) c tri s it r f −2 of
irradiance [65] hic sea ater desalination works b tter [66,67]. In this study, the maximum
sol r radiation r ached 900 Wm−2 in the UK, which only lasted a few minutes. It can be concluded
th although limitations were found wi in the SS pan l, the UK’s climate does not permit a high
yiel and the l w output is not surprising. The small temperatur diff rence between the insi e
and outside of the cover also causes a slow condensation rate. In the countries with higher solar
intensity, this can be compensated for by allowing cool air from wind to reduce the temperature of
the outside cover. The advantage of using solar still for desalination is that it uses renewable energy,
unlike RO that consumes a large amount of energy to overcome the high-pressure difference on the
membrane. In addition, solar still is used to reduce the cooling load of the GH, especially for the
Egyptian GH where it uses the extra solar radiation (beyond the plant needs). However, solar still
needs a relatively large area to produce the same amount of water produced by the RO unit in a
small area. Manufacturing solar stills is cheaper than other desalination systems such as RO. But the
amount of water each solar still can produce is less than the RO. Therefore, choosing a solution for the
greenhouses is mainly dependent on its size. For small-medium sized greenhouses, solar desalination
is cost-effective, while for larger horticultural systems, RO would be more beneficial. In addition,
the operational and maintenance costs of the solar still systems are extremely less than other similar
methods. Insulation is the most important factor for the solar stills, since its desalination is based on
an adiabatic thermodynamic process, and any incomplete insulation would decrease its functionality.
For the HDH, solar radiation does not affect the freshwater output directly, but instead causes
humidity to rise or fall. The humidifier does not require high solar radiation as low average radiation
usually means a rainy and wetter day, therefore increasing the condenser’s output due to the
higher relative humidity within the GH. Humidification-dehumidification is not only used for water
production, especially in the GH in Egypt, but also to obtain suitable climate conditions for plant
growth. The total amount of water collected via SS and HDH can potentially support 2 m2 of tomato
crops [68]. In the UK, subsequent collection by the HDH would enable more crops due to high humidity
levels, achieving a higher water production so more crops can be used for agriculture. The absorbing
fabric showed some discoloration and slight deterioration. As mentioned in the literature review,
the evaporation rate varies depending on the quantity of water held by the material [42]. In terms of
the size of a solar still, the one used in this study was 0.72 m2 and it desalinated a maximum amount of
58 mL of water. Considering these solar stills are planned to be located on the built greenhouse of
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an area of 29.5185 m2 [3], it can potentially generate a maximum of 2.5 L of water per day in the UK
(for 40 solar stills of the same size) and this amount can increase in the countries located closer to the
equator that have much greater quantities of solar energy (nearly up to 8–10 times).
5. Conclusions
This study shows the feasibility of using SS, HDH and rainwater harvesting within horticultural
systems. Solar stills could potentially be used for desalinating the seawater for sustainable greenhouses,
while the HDH can also help to recirculate partially recover the excess humidity inside the greenhouse
cavity, particularly in the warm arid countries. Implementing a series of solar stills on a greenhouse could
provide sufficient resources for watering the plants using smart irrigation systems. While harvesting
the rain is a resilient solution for countries such as the UK, desalination and dehumidification are
also other potential resources during the warm seasons, generating a zero-liquid-discharge system.
Solar distillers are feasible in Egypt where it endowed with high solar radiation over the whole year.
GH integrated with cooling system is suitable for Egyptian climate conditions. In our future studies,
the effects of some parameters such as air flow rates, condenser bypass ratio, fresh air ratio, and
condenser temperature on the performance of the GH will be evaluated. This will help to optimize the
GH structure and functionality towards a more sustainable solution.
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49. Yıldırım, C.; Yildirim, C.; Solmuş, I. A parametric study on a humidification–dehumidification (HDH)
desalination unit powered by solar air and water heaters. Energy Convers. Manag. 2014, 86, 568–575. [CrossRef]
50. Giwa, A.; Fath, H.E.; Hasan, S.W. Humidification–dehumidification desalination process driven by
photovoltaic thermal energy recovery (PV-HDH) for small-scale sustainable water and power production.
Desalination 2016, 377, 163–171. [CrossRef]
51. Ahmed, M.; Shayya, W.H.; Hoey, D.; Mahendran, A.; Morris, R.; Al-Handaly, J. Use of evaporation ponds for
brine disposal in desalination plants. Desalination 2000, 130, 155–168. [CrossRef]
52. Sorgeloos, P.; Bossuyt, E.; Laviña, E.; Baeza-Mesa, M.; Persoone, G. Decapsulation of Artemia cysts: A simple
technique for the improvement of the use of brine shrimp in aquaculture. Aquaculture 1977, 12, 311–315.
[CrossRef]
53. Agh, N.; Van Stappen, G.; Bossier, P.; Sepehri, H.; Lotfi, V.; Rouhani, S.R.; Sorgeloos, P. Effects of salinity on
survival, growth, reproductive and life span characteristics of Artemia populations from Urmia Lake and
neighboring lagoons. Pak. J. Boil. Sci. 2008, 11, 164–172. [CrossRef]
54. Esen, M.; Yuksel, T. Experimental evaluation of using various renewable energy sources for heating a
greenhouse. Energy Build. 2013, 65, 340–351. [CrossRef]
55. Yildirim, N.; Bilir, L. Evaluation of a hybrid system for a nearly zero energy greenhouse. Energy Convers. Manag.
2017, 148, 1278–1290. [CrossRef]
56. Jolliet, O.; Danloy, L.; Gay, J.-B.; Munday, G.; Reist, A. HORTICERN: An improved static model for predicting
the energy consumption of a greenhouse. Agric. For. Meteorol. 1991, 55, 265–294. [CrossRef]
57. Davies, P.; Hossain, A. Development of an integrated reverse osmosis-greenhouse system driven by solar
photovoltaic generators. Desalin. Water Treat. 2010, 22, 161–173. [CrossRef]
Water 2020, 12, 1440 20 of 20
58. Davies, P.; Hossain, A.; Vasudevan, P. Stand-alone groundwater desalination system using reverse osmosis
combined with a cooled greenhouse for use in arid and semi-arid zones of India. Desalin. Water Treat. 2009,
5, 223–234. [CrossRef]
59. Farrell, E.; Hassan, M.I.; Tufa, R.A.; Tuomiranta, A.; Avci, A.H.; Politano, A.; Curcio, E.; Arafat, H.A. Reverse
electrodialysis powered greenhouse concept for water- and energy-self-sufficient agriculture. Appl. Energy
2017, 187, 390–409. [CrossRef]
60. Henderson-Sellers, B. A new formula for latent heat of vaporization of water as a function of temperature.
Q. J. R. Meteorol. Soc. 1984, 110, 1186–1190. [CrossRef]
61. Salah, A.H.; Hassan, G.E.; Fath, H.; Elhelw, M.; Elsherbiny, S. Analytical investigation of different operational
scenarios of a novel greenhouse combined with solar stills. Appl. Therm. Eng. 2017, 122, 297–310. [CrossRef]
62. Amarananwatana, P.; Sorapipatana, C. An assessment of the ASHRAE clear sky model for irradiance
prediction in Thailand Nuntiya. Asian J. Energy Environ. 2007, 8, 523–532.
63. American Society of Heating, Refrigerating and Air Conditioning Engineers (ASHRAE). ASHRAE Handbook
of Fundamentals; ASHRAE: Atlanta, GA, USA, 1993.
64. Smith, H.J. Weather underground. Science 2015, 348, 1328. [CrossRef]
65. Mohamed, A.; El-Minshawy, N. Theoretical investigation of solar humidification–dehumidification
desalination system using parabolic trough concentrators. Energy Convers. Manag. 2011, 52, 3112–3119.
[CrossRef]
66. Caldera, U.; Bogdanov, D.; Afanasyeva, S.; Breyer, C. Role of Seawater Desalination in the Management of
an Integrated Water and 100% Renewable Energy Based Power Sector in Saudi Arabia. Water 2017, 10, 3.
[CrossRef]
67. Trieb, F.; Müller-Steinhagen, H. Concentrating solar power for seawater desalination in the Middle East and
North Africa. Desalination 2008, 220, 165–183. [CrossRef]
68. Radhwan, A.M.; Fath, H.E. Thermal performance of greenhouses with a built-in solar distillation system
Experimental study. Desalination 2005, 181, 193–205. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
